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LOW FREQUENCY INSTABILITIES DRIVEN BY AN ION
TEMPERATURE ANISOTROPY

I. INTRODUCTION

It is well known that HANE's can have deleterious effects on C31

systems (for example, by disrupting satellite communications and radar

systems) and it is therefore important to the Defense Nuclear Agency to

understand the atmospheric effects of HANE's. The primary cause of these

negative effects is the productior of tong-lasting, large-scale, ionization

irregularities in the ionosphere. In order to undestand the cause and

evolution of these irregularities, the Naval Research Laboratory has

developed and is continuing to develop detailed theoretical and

computational models of HANE's. Of recent interest to DNA is a thorough

re-examination of early time phenomena (t < I sec) which are primarily

associated the deposition of weapon energy in the atmosphere. Aside from

radiation processes, the conversion of the kinetic energy of the debris

into thermal energy of both the debris and air ions, and its ultimate

deposition in the conjugate patches, is of particular importance. The

important issues involved are debris-air coupling length and time scales,

and thermalization processes. Underlying these issues are a host of

complicated plasma physics processes. The ensuing turbulence which results

from plasma instabilities can act as a means to thermalize the various ion

species and to pitch angle scatter ions.

To date, the most intense effort to understand the role of plasma

instabilities in early time HANE evolution has been directed at debris-air

coupling. In this regard, NRL performed a series of investigations in the

70's to determine the anomalous transport properties of instabilities which

could occur at the debris-air interface (Lampe et al., 1975). The effects

of these instabilities on the evolution of the coupling shell were

determined by incorporating the appropriate anomalous transport
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Coefficients in a multi-fluid code (Clark, private communication).

Subsequently, further advances have been made in this area through the use

of a one dimensional hybrid code. This code treats the electrons as a

fluid but the ions as particles. This permits the instabilities, and their

effects on the plasma, to be studied self-consistently (Goodrich et al.,

1984). It has also been recently suggested that microturbulence could

impact the evolution of structure causing instabilities (Huba, 1984).

Thus, the point to be made is that plasma turbulence can have a significant

impact on the early time evolutiov of a HANE.

The aforementioned studies of plasma instabilities have dealt with

high frequency turbulence, i.e., W >> Si where w is the wave frequency and

Pi - eB/mic is the ion cyclotron frequency. These instabilities impact

very early time processes such as debris-air coupling and plasma

thermalization. However, there are many low frequency instabilities (i.e.,

W < S1) that can be excited which may be important to early time HANE

evolution. Specifically, the electromagnetic ion cyclotron instability

(W 11 has the capability of pitch angle scattering energetic ions

(Davidson and Ogden, 1975). Debris and air ions are energized

predominantly in a direction perpendicular to the ambient magnetic

field B. Electromagnetic ion cyclotron waves, if excited, can then

"transform" this perpendicular energy to parallel energy. This allows

energetic ions to stream down the field lines into the upper atmosphere to

deposit their energy; an important consideration in HANE events such as

Starfish. Recent ID particle simulations have observed this effect

(Ambrosiano and Brecht, 1984). Aside from the electromagnetic ion

cyclotron instability, other low frequency hydromagnetic instabilities may

be excited which can be important. For example, the mirror or firehose
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instabilities (Hasegawa, 1971) generate electromagnetic turbulence which

can propagate away from the coupling shell into the magnetosphere. These

waves are capable of pitch angle scattering ambient radiation belt protons

which can lead to a redistribution of high energy protons in the

magnetosphere (Cladis et al., 1970). This issue is germane to satellite

survivability since it is believed that Starfish caused the enhancement of

high energy proton fluxes at low L shells (Filz, 1967) which affected the

operation of several satellites.

One mechanism to generate the instabilities described above is an

anisotropic ion distribution. Specifically, a bi-Maxwellian type

distribution such that T 0 T where T and T are the perpendicular

and parallel ion temperatures, respectively. The purpose of this report is

to investigate in detail the linear stability properties of low frequency

waves (w < si)which are driven unstable by ion anisotropies. Specific

application to FANE events will also be discussed.

The organization of the paper is as follows. In the next section we

present the basic assumptions of the analysis and derive a general

dispersion equation which describes low frequency modes ( < V ,). In

Section III we present both analytical and numerical results. Finally, in

Section IV we summarize our results and apply them to HANE's.

II. DERIVATION OF DISPERSION EQUATION.

We assume a spatially homogeneous plasma with an ion temperature

anisotropy (TNi * T li that is immersed in a uniform static magnetic field

B B0z. The perturbed electric field is taken to be E(x,t) E exp

[i(k • x - wt)] where k k x + k z without any loss of generality because

of the symmetry of the unperturbed system. The perpendicular wavelength of

3
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the perturbation is assumed to be much larger than the electron Larmor

radius Pe (kPe << i) but can be comparable to the ion Larmor radius

P (kIPi 1 1). The frequency, as well as the growth rate, of the

perturbation is taken to be of order of the ion cyclotron frequency

(W < P. For simplicity, we assume that the equilibrium ion distribution

is described by a bi-Maxwellian distribution function

2 2Fv2 '  2)ff m 1 1/2 m i m i m iv 0F2(VrV V (2-rT) exp - my my (1)

S 2i 2 i 7i 2Ti2

where mi is the mass of the ion species. The electron distribution

function is assumed to be isotropic since collisions, as well as high

frequency instabilities driven by any electron anisotropy, tend to remove

the velocity-space anisotropy in the electron distribution on a very short

time scale (i.e., t << 0.1 ) [see Appendix].i

Linearizing the Vlasov equation and using Maxwell's equation, a set of

homogeneous equations M * E = 0 describing the propagation of electro-

magnetic disturbances at an arbitrary angle with respect to the magnetic

field can be obtained (Krall and Trivelpiece, 1973), where

2 2 22k c c k k 2w 2
M__1-+ E r < > (2)

W a-i,e a n

and

< > 27r rdv 1 r2vldVi ),

nfl J
--- A x+ iv JA y+VJB z,

-n k AI nH n n n
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.n k in y n

-= ki + xJ+VI
k a I f  k v f_ _,

A -5 C . + -' -al(,- nP k "v

nIw22 w12- a

B E A + (af lay - af /a" ) 1 --n n a a
p

J J (k v /na) is the Bessel function of order n, J'(x) = dJ /dx, andn n 01 n

2a eaB 0 /mac is the cyclotron frequency of species a (e: electrons and

i: ions).

After performing the velocity space integration for both species and

taking the appropriate small gyroradius limit for electrons, we obtain the

dispersion equation

det [Ml - 0. (3)

The components of M are

2 2 2 2 2kc w w n rpe + )+ n GMxx 1 - 2  + 2 2(e e 2 x n
, w, w n :'

2 2

My My i pe GGe + P nrG2w2 e e_2 n n
2 2 2

k fk c2 2w n
Mx Mz + pe (H H )+ P' k Eh" ;2xM z - 2ee -- x n'

w e 1 -i n
2k 2  22 (4)

M - - + - k-2 n-
(Ge + .-

w 2 1 1- w n

M -1 iL+R~. 12"n Ti

2 2k w kMy - Mz = - i - - H + i ___ _ r rH/
yz zy W) e0  WPi k n n n
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22 2 2 2kcp 2w w k w-nfl r
M =1--,---+ PeH + pe -  in

zz 2e 2 2 "e k V e  0 n k n

Ben i_ T I
where

2 2
[ i-ni i t-nfl w-nfi v

e T, Zk]e H + k Z e( k'"en li e I ee n H e li e s2

n W T k v wn- T1i k v1. T.H

(T j n 91 T _L w-n 2-i i l

n T Wi T =k Z "k _ -T 2'fli 0i vIli I i i

ve is the electron thermal velocity, vii and v1 I are the ion perpendicular

and parallel thermal velocity, respectively, Z(V) is the plasma dispersion

function, rn e X(x) In(x) is the modified Bessel function of order n,

and r = dr /dx.

n n

III. ANALYSIS OF DISPERSION EQUATION

A. Electromagnetic Ion Cyclotron-Instability * -

We first consider the excitation of ion cyclotron waves with w - "

For the case of parallel propagation (k1 = 0), the linear dispersion

relation can be greatly simplified to give

2w 2  2
det 2 DD (1 + e H + P2 H0 ) 0, (5)

k v 0 k v
ke vi

where

22 2 2k'.c + W
D+ I 2 + G+I 2 2 e I.

6
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Davidson and Ogden (1975) have shown that the transverse electromagnetic

portion of (5) exhibits a strong instability in the presence of an ion

temperature anisotropy such that Tli > T This instability has a _

characteristic frequency at maximum growth rate of w < P. and

y (8±i/2) 1  where = 8rniTi/Bo, and the corresponding wavelength

is such that k n c/wpl > 1. The electrostatic branch of the dispersion

relation can be shown to be rigorously stable by the Nyquist technique.

The assumption that k, = 0 corresponds to an "infinite" wavelength in

the direction orthogonal to the ambient magnetic B For application to

HANE's this assumption is violated because the coupling shell has finite

dimensions perpendicular to B Thus, it is necessary to investigate the

linear stability properties of ion cyclotron waves for oblique propagation

using (3) and (4) if we are to apply this instability to HANE's. Since, in

general, (3) and (4) are not amenable to analytical results we solve them

numerically for a variety of parameters.

In Fig. I we show the growth rate y/nI vs. parallel wavenumber ck /W
1 0 pi

for 0 00, 200, 400, 600, and 800 where 0 tan- (k /kW). The other

parameters used are w i i 400, mi/me = 1836, Tii/THI 20, 8 1.0,

and T /T - 0.1. There are two major effects of oblique propagation on
e I

the excitation of electromagnetic cyclotron waves. First, the growth rate

of the instability decreases as the waves become more oblique, i.e., as 8

increases. However, even for e as large as - 500 the growth rate is only

reduced by a factor of two. Thus, the waves have substantial growth rates

for a wide range of angles and are not confined to nearly parallel

propagation. Second, in general, as 8 increases the bandwidth of unstable

modes in kI space decreases. The small k cutoff remains roughly constant

(ck /W p - 0.5)for 00 < 8 < 800, but the large k cutoff is reduced by

7
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more than a factor of two. We note that the shape of the 8 = 600 growth

rate is different from the others; namely, there is not a sharp falloff for

modes with k > k, where k corresponds to the k for maximum growth.
11mI

There is almost a "plateau" in the growth rate in this region. This

parameter regime corresponds to the Harris instability (Soper and Harris,

1965; Gary et al., 1976). The Harris instability only occurs for obliquely

propagating waves and, in general, has a maximum growth rate less than the

parallel propagating electromagnetic ion cyclotron instability (Gary et

al., 1976).

In Fig. 2 we plot ym/Qi and ck 9m/Wpi vs. 8 where ym denotes the

maximum growth rate as a function of parallel wavenumber and k m is the

corresponding wavenumber at maximum growth. The other parameters used are

the same as in Fig. 1. These curves emphasize the major points indicated

by Fig. 1: (1) maximum growth occurs for 8 00 (or k, 0, purely

parallel propagating waves); (2) there is substantial wave growth for most

angles of propagation; and (3) the wavelength of the fastest growing mode

increases as the angle of propagation becomes more oblique (i.e., closer to

perpendicular propagation).

B. MHD Instabilities

We now investigate low-frequency MHD instabilities i.e., w << Pi.

However, prior to presenting detailed numerical results, we first make

several simplifying assumtions so that analytical results can be given. We

assume that 0e 9, > > w, k ve9 k Hv1 without any special ordering

for w/k v and w/k vi . Making use of the approximation Z(E) - 1 -
af e I

2
1/2 2

, for >> I the following limiting matrix elements can be derived:

8



2 2 ,2 Tk 2  k2 T

2~ _ - Tie + 8i (A9)r Te

2 k2V -2J I T ie e k 2  k Tl eA

Equation (A9) corrects the algebraic error made in Basu and Coppi (1982),

as well as extending their result to include ion temperature anisotropv.

The instability criterion in this case is

2 2 + V2  2 2 ile
k + + k V ri + B + ri - --- ) < 0. (AI0)

2 2

For k 2/k2 << 2/f3 one of the mode becomes unstable if

T ieT 1 e > 2(i + S1). (All)

The unstable mode is superficially similar to the wellknown MHD "mirror"

instability, but since, as noted by Rasu and CoDpi (1982), "frozen-in

condition" is not imposed, it is not identical to the mirror mode. The

other mode is always stable, the reason that Basu and Coppi were able to

obtain instability can be traced to the algebraic error they made.

In the other limit, k vlni, k v >> w, we find

2
pi ki Tle Tli) (Al2a)

zy Wil T T N
i N Ne TI

- 2 2 T T I e
M =D - an --nrflB - - 8TeI7 1)1 (Al2b)
yy xx R I 1i T 1  TNe

2 2
2W 2w

D = I++pi (Al2c)
ZZ 2 1 2  2 2

NzIf v Ile k,,v Ni

22
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where a = 1 - (BII- 8i)/2, + ' ,e= ie + 1, and Mxy Myx =

0 as before. Focusing our attention again to the limit k v >> W >>

k,1v we find

T1
e- + (A4)

e0 T kIlie
e

Hence

2 k T
Pi T ie

zy i k TRe(A5)

= - 2 2 Tle _I](N -

M D cm 2  n2( + - 8.(~--1)~(he

2 2
2 2 2

D pe pi (7zk 2 v 2e W 2 i

Redefining w.= k R v ee(me/mi)/ 2 = k 11C 11 to be the parallel ion sound

frequency, (8) can be simplified to

2 22k 81e (k /k 2 )(Ti/Te)

2 2 2 2 2
-22 -- a- 2 -- ( I + 8.).- 2i
kV 22 2 e

Ik A AIe k

(A8)

2 2and 2 2 2
where 8ie (2c so/VA ) (T e /T,), = 2cll/Qi

Due to the smallness of k2 (A) can be simplified by ignoring

2 2
the k P term, which results in the following coupled-mode equation

21
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APPENDIX

To recover the results of Basu and Coppi (1982), we need to include

the electron temperature anisotropy. This can be most simply done by

changing H ento

re Ti e +e WIl e e (Al)
en H WT lie kI lie k I ve''(l

and using U e = W(W -nP e~ (H-e - 1) for Gen' In addition, the y

element of (4) should be modified as follows

2 2 2 2
.2+W p 2k Iv ieW k nr

yy 2w2 2Ge 0 +Ge 1  e 1  WO, k H x n
e

In the low frequency long wavelength limit, the matrix elements become

2

D =M + n a 1 +-- (A3a)xx xx Ii2

-2 2
M -D, an n 8 (A3b)

2

M ~ 2~~1 -H) (A3c)
ZY w(~f2 k I e 0

M M =nn a (Ad)xz zx i

2w 2  
2w 2p

D =M +-2 n H + ....Yk Ho Ae+anil 2 2 e0  2 2 0 Aek v 0 k vIle I If

20



0.4 2.0

'i

0.3 N1.5

0.2 -1.0

0.10.

100 ZOO 30* 400 500 60- 70 so* 906

Fig. 2. Plot of Y,.,and cklm/w versus 9 where -y. denotes the maximum
rnpi

growth rate as a function of parallel wavenumber and k is the11M

corresponding wavenumber. The other parameters are the same as

in Fig. I1.
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0.4-

0.3-

0.28-0

0.1
0. 801

1.0 2.0 3.0 4.0 5.0
kil C/Wwi

Fig. 1. Plot of y/n versus ck /W for e 00 20, 4Q0 60, and 800
i II pi

where 0 tan-' (k /k ).The other parameters used are w pi,/p,

400, m1/mj 1836, T /T 20, v1  = 1.0, and T /T =0.1.L
i ~ifi elif

Note that although the growth rate is a maximum for 8 00, it

still has an appreciable value for oblique propagation.
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is believed to have occurred following Starfish (Filz, 1967). And second,

these waves (i.e., electromagnetic ion cyclotron) have a significant

component of 6E, since they propagate obliquely, i.e., k > k1. These

waves can be resonance with cold magnetospheric electrons which can be

heated to 10-50 eV. This can lead to enhanced particle precipitation

(Cornwall and Vesecky, 1984).
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applying these results to HANEs a minimum time scale T is required

before the instabilities can be excited. However, one expects an

instability to e fold several times before the fluctuating fields reach a

sufficiently large amplitude to affect the particles. Thus, the time scale

on which ion cyclotron waves become important is T - 5y- 1 15 • Note

that the ion cyclotron frequency is based on the value of the compressed

magnetic field in the coupling shell. Since this value can be as much as

an order of magnitude (or larger) than the ambient field, this time scale

can be relatively fast. For example, assuming mi - 28, B0 - 5G, and Z - 1

we find that = 0.6 msec so that T - 9 msec. Thus, in modeling the

effects of electromagnetic ion cyclotron turbulence on debris and air ions

(namely, pitch angle scattering) a minimum time scale is required which

should be implemented in early time codes which model debris patch

formation. We roughly estimate this time scale to be Tm 15n i  although

it is parameter dependent and specific burst conditions need to be

considered to accurately determine Tm We also add that pitch angle

scattering is not the only mechanism which can convert perpendicular ion

energy to parallel ion energy. The inverse mirror force associated with

the compressed magnetic shell can also cause this energy conversion. The

time scale with this process is shorter than pitch angle scattering since

it is not associated with wave turbulence.

The waves discussed in this paper can have other important

implications for HANE disturbances. First, these waves can also pitch

angle scatter high energy ambient radiation belt protons (E > 1 MeV). This

can cause these high energy radiation belt particles to become trapped at

lower L shells where defense and communication satellites reside. Enhanced

fluences can then damage or incapacitate these satellites. In fact, this

16
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anisotropy on the MHD instability and is an extension (and correction) of

the work of Basu and Coppi (1982). Again, this Is included for

completeness. We now discuss the application of this research to HANE

phenomena.

An important reason for this study was to investigate the stability

properties of the electromagnetic ion cyclotron instability in order to

determine whether or not it would be unstable in the HANE coupling shell.

The significance of these unstable waves is that they pitch angle scatter

ions, and therefore allow perpendicular energy to be transformed to

parallel energy which is germane to debris patch formation. Most earlier

studies focussed on parallel propagating modes which have "infinite"

transverse wavelengths. However, the coupling shell has finite dimensions

transverse to B and one needs to consider oblique propagating modes for

application to MANEs. The results of our analysis show that the

electromagnetic ion cyclotron frequency has significant growth for a broad

range of angles relative to B Although maximum growth occurs for 8 = 0

0
(i.e., kI = 0), waves have relatively strong growth up to 8 - 80 This

corresponds to transverse wavenumbers in the range 0 < k± < 5 k,-, since

k, W c (see Fig. 1) we can rewrite this inequality as 0 < k
pi'

5w PI/c. Transforming to wavelength space we find that A, - c/W and

X, > c/5w For HANE events such as Starfish and Checkmate, we note that

the coupling shell width L is substantially larger than c/u at times t ,pi

few , which implies L >> X19 A. Thus, electromagnetic ion cyclotron

waves will easily "fit" into the coupling shell, so that they can play a

significant role in pitch angle scattering ions.

In this regard, another important issue is time scale. The

instabilities considered in this report require magnetized ions: thus, in

15



through the small coupling coefficient e. The preceding results derived

for mirror instabilities correspond to weak coupling approximation of (10)

by treating D(w, k) to be of the order of e. If we assume instead
2 2 2 (-

that W- a k V2  O(E), then we arrive at the "firehose" dispersion
I A

relation (19). It is trivial to see that the firehose stability condition

is 8 i - 6 > 2. In fact the stability condition remains unchanged as we

change the ordering of w, k V., and k V i. Even with the inclusion of the

electron temperature anisotropy, the stability condition merely changes

to -B > 2. It therefore seems that the "firehose" mode is a very

robust MHD mode which is insensitive to the kinetic effects associated with

the parallel motion of electrons and ions. The firehose instability should

not be a major concern for HANE since it required T1 > TI which is not

satisfied under ideal HANE conditions, at least in the coupling region

during early time.

IV. DISCUSSION

We have presented a detailed linear analysis of low frequency (w < P

instabilities driven by an ion temperature anisotropy (T1 i * T i). In

particular we have studied the electromagnetic ion cyclotron instability,

the mirror instability, and the firehose instability. These instabilities

require a high 0 plasma (i.e., 0 > 1) which is typical of an early time

HANE plasma. The electromagnetic ion cyclotron and mirror instabilities

also require T > TjI, while the firehose instability requires T > T

In general, we expect the early time coupling shell to have Tif > TPi so

that the firehose instability is not obviously relevant to tANE situations

but has been included for the sake of completeness. We have also included

an Appendix which describes the influence of an electron temperature

14
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mode which are unstable under conditions discussed in their paper, are no

longer so in our isotropic electron limit. In fact it is easy to see that

(16) admits real w2 roots (i.e., they are either purely growing or pure

oscillatory), and the sole condition for instability is

fcl + , V2 2 2+ 2 < 0, (17)

which can only be satisfied for sufficiently negative values of a, or

i  11 > 2. (18)

The instability condition (18) is the same as that of "firehose"

instability even though the usual "frozen-in" condition is not imposed, as

noted by Basu and Coppi (1982), and the polarization is different from that

of the usual firehose mode. A more detailed discussion of this point is

given in the Appendix.

To recover the "firehose" instability, we note that (10) can be

rewritten in the following form

2 22
2 a)D(, k) kip= (19)

k2JVA

where D(w, k) 0 gives (11), the "mirror" mode dispersion equation.

Equation (37) can be considered to be the linear mode-coupling equation

between the mirror-type modes and the "firehose" mode

2 2 2 2,(f 22

L. "22a 1 ,)1k V2  (20)
II A 2 0 11i

13
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S2
W, k ,:M _i 1 _. _ (14a)

k2 2
2 De pi

zz I n1  + 2  2 (14b)

M2 (14c)

where we have made use of the identity Go = H0 - I to approximate Go by -1,

2 2 2 2 2 2
Mxx= Dxx - anR, Dxx + w + /pi/ i W P /Pi and Mzz =Dzz - an .  -

From (14b), D = i + kD 2  /k -W2/W 2  (kD2 /k )(1 -W
2/w2), where

w k W1 /ke knc is the ion sound frequency. The dispersion relation

(8) reduces to

2 2 2 2/2
w k p P k /k

_ s __ .e -...e
2 2 2 2 k2 k2  (15)

W2 a Ci) (I + I .. ...-2 2- 22 2 r- 2k VA  k A

Here again, the smallness of k2p allows us to drop the first term on the
: righ provied I 2 221 2 2w2. Th"'"-

right hand side of (15) provided that a k >> k The
I A >k sw

resulting dispersion relation becomes

2 2 -2 2
2 2 k k'

(1- 2) - - + ii)-41 e k-4. (16)
W k V k- i k k

A

Equation (16) closely resembles the equation derived by Basu and Coppi

(1982) with one significant difference: their equation is derived under

the assumption of large electron anisotropv and cold ions, whereas ours

assumes isotropic electrons but retains temperature anisotropy for ions.

Therefore the slow magnetosonic wave and the so-called "field-swelling"

12
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7- 7- 7

where 2 c/am, V c Q /W 2rnT /B-s S ei e. Vmi, A Ci Pi, 8 e2 2 8nl/2"TTil 2 2 "[
and 6 11 = 2V i/V A  nT  i For Te - ~ i TIi Ps - Pi. we f ind "-
2 22

k Ps << 1, consistent with our long wavelength ordering. The smallness of

22, k p immediately yields, for frequencies significantly different from

Va k V the following approximate dispersion relation
11 As

S
2 2 T e 2 (

T 2 k k T " T I
*~~ (iin4 4[ + 11 2~ 21

TIi k 2V k k Ii ji 2k- 7

The stability condition is given by

T-2
li)e

2 V (- A~ 2 %. -l 1 9k] + v- [ *i A( -+ (1 ,) 1 k 2 > 0
i 2(1 + T (12)

2 2For k I/k << 2/1, the stability condition becomesII,

[T 2 + T 2  iT T1T Te ii li- T i-
1 2Tai(Tffi+ Te+ > 0. (13)

It is easy to see that instability can only occur when Ti is sufficiently

larger than T The stability condition (13) is the same as that of the

MIlD mirror mode (Hasegawa, 1971) Note that mirror instability only takes

place when both k and k are sufficiently nonzero, i.e., for oblique

propagation.

2. Firehose Instability

In the limit k v >> w >> k v H I + iV/k V and H

eiI "

Mzland Myy:



2 -2an Dx M.

D = + (8)
zz 2 MD -an 1  yy

1. Mirror Instability

First, let us consider the familiar mirror instability. This corre-

sponds to the limit k lviii' kgv >> W. In this limit D becomes very

large, hence E IEz) - 0 which is equivalent to "frozen-in condition" in

ideal MHD treatment. Using small argument expansion for Z(E) and Z(i),

we find

2
W k T
_j ~2i- (1 - -i(9a)

zy Wn l kT l

W2 T
M i+ P2ian2  n2[ (9b)

yy 2 11 , 1 .L (Y:! -

2

xx2
i

2w 2  2w 2

zz 22 2 2
k v k v

" 2 2(1 2 2 2

Approximating D (k /k + T /T), k 2w 2/2 and2 2. DeI ee pe
D *w 2/Pi the dispersion relation (8) reduces toxx P1 i'

2 2 (k2/k2 )(1 - T T1)2
T e  k ip 8e +-"

T 2 2 2 k2  k2 T (10)
Wi Wc I Ii~

kIvA k VA k k i L
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2 2

M + k 28 c

xx 2 2 2 ,,i ,I)

M =M =0
xy yx

k2c 2  k21 c2

yy xx 2 + 2 11 G0

2 
(6)

2 kM = M -- H )

Myz Mzy w1 kW (e H

M M zy -im2R -
21

xz zx 2 j -

k- 2 c2 2w 2 22

M 1(i i - 8L- + e He + PH
zz_ 0

,.22 Il 2 2 0
W k v 0 k v1

2 2 2 2 2 2 2 2 8nnTi/B2 d

where $0,i  Wpi V li/ ic ,8i Wi V1i nic  8 In deriving (6) we

have omitted terms which are smaller by order w/f0i and w/fie . In addition,

we have taken the small ion Larmor radius limit (kP i << 1). For

13e, 8 N 1 we can also neglect the I in Mxx as well as Mzz
2 2 2 2 2 2 2 2

since wpi/n2 k I2c 1w , k I /c /W >> 1. We now show how the well known

mirror and firehose instabilities are recovered when subsidiary orderings

are made.

Writing Mzy = iM to make explicit the i dependence, we can express

the dispersion relation (6) in the following compact form:

22 (1 - )12

M. = + ' (7)
zz M M

xx yy

2. 222 2. 222.

where n I c k I/W and n - c k 1 . Further simplification is possibleI ~Ii- ) nn n

1 2
with the introduction of a S I - - (S 8i)i D n d

D -M + an 2i
zz zz 1

'. .... ......... . .
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The "firehose" branch in this case still remains the same, but the coupled-

mode equation becomes

2 
k

2  k T,,i  e keII lie k Tie i

2 2 2 ri + s l 8 i T .le T 2- T Ti
k VA k Pi lie k 2 (1 + lie) lie Iti

It i

(A13)

Notice that the parallel ion-sound branch is gone because k IVf >> w, which

means that both electrons and ions respond adiabatically to parallel

electric field. The stability condition is given by

2 21 [ 1 ( V2 [ l + 8- Tgi Tie += A  2 Pn  8±)]2 11+ T_l i  le TiRe +

Vp -81 jc V~Ile. T -.e T 

+iTe) Ik > 0. (A14)

2(1 +--?~.

22(

For k2 /k2 << 2/11, the instability condition is the same as that of the MIHD

mirror instability (Rasegawa, 1971). Note that "frozen-in" condition is

satisfied when k V i, k v >> w since the perturbed parallel electric

field is completely shielded out by the parallel electron and ion adiabatic

response.

23
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NEEDHAM, MA 02194 01CY ATTN WILLIAM MCNAMARA

OCY ATTN DICK STEINHOF OCY ATTN B. GAMBILL

HSS, INC. LINKABIT CORP
2 ALFRED CIRCLE 10453 ROSELLE

BEDFORD, MA 01730 SAN DIEGO, CA 92121

01CY ATTN DONALD HANSEN 01CY ATTN IRWIN JACOBS

ILLINOIS, UNIVERSITY OF LOCKHEED MISSILES & SPACE CO., INC
107 COBLE HALL P.O. BOX 504
150 DAVENPORT HOUSE SUNNYVALE, CA 94088

CHAMPAIGN, IL 61820 01CY ATTN DEPT 60-12
(ALL CORRES ATTN DAN MCCLELLAND) 01CY ATTN D.R. CHURCHILL

01C ATTN K. YEH
LOCKHEED MISSILES & SPACE CO., INC.

INSTITUTE FOR DEFENSE ANALYSES 3251 HANOVER STREET
1801 NO. BEAUREGARD STREET PALO ALTO, CA 94304

ALEXANDRIA, VA 22311 01CY ATTN MARTIN WALT DEPT 52-12
O1CY ATTN J.M. AEIN O1CY ATTN W.L. IMHOF DEPT 52-12
01CY ATTN ERNEST BAUER 01CY ATTN RICHARD G. JOHNSON,

01CY ATTN HANS WOLFARD DEPT 52-12

01CY ATTN JOEL BENGSTON 01CY ATTN J.B. CLADIS DEPT 52-12

INTL TEL & TELEGRAPH CORPORATION MARTIN MARIETTA CORP
500 WASHINGTON AVENUE ORLANDO DIVISION

NUTLEY, NJ 07110 P.O. BOX 5837

01CY ATTN TECHNICAL LIBRARY ORLANDO, FL 32805
01CY ATTN R. HEFFNER

JAYCOR
11011 TORREYANA ROAD M.I.T. LINCOLN LABORATORY

P.O. BOX 85154 P.O. BOX 73
SAN DIEGO, CA 92138 LEXINGTON, MA 02173

OCY ATTN J.L. SPERLING 01CY ATTN DAVID M. TOWLE
01CY ATTN L. LOUGHLIN

JOHNS HOPKINS UNIVERSITY 01CY ATTN D. CLARK

APPLIED PHYSICS LABORATORY
JOHNS HOPKINS ROAD
LAUREL, MD 20810

OlCY ATTN DOCUMENT LIBRARIAN
toCY ATTN THOMAS POTEMRA
01CY ATTN JOHN DASSOULAS
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MCDONNEL DOUGLAS CORPORATION PENNSYLVANIA STATE UNIVERSITY

5301 BOLSA AVENUE IONOSPHERE RESEARCH LAB

HUNTINGTON BEACH, CA 92647 318 ELECTRICAL ENGINEERING EAST

01CY ATTN N. HARRIS UNIVERSITY PARK, PA 16802
O1CY ATTN J. MOULE (NO CLASS TO THIS ADDRESS)
01CY ATTN GEORGE MROZ CICY ATTN IONOSPHERIC RESEARCH LAR

01CY ATTN W. OLSON
OTCY ATTN R.W. HALPRIN PHOTOMETRICS, INC.
01CY ATTN TECHNICAL 4 ARROW DRIVE

LIBRARY SERVICES WOBURN, MA 01801

O1CY ATTN IRVING L. KOFSKY
MISSION RESEARCH CORPORATION

735 STATE STREET PHYSICAL DYNAMICS, INC.

SANTA BARBARA, CA 93101 P.O. BOX 3027

O1CY ATTN P. FISCHER BELLEVUE, WA 98009
01CY ATTN W.F. CREVIER 01CY ATTN E.J. FREMOUW

01CY ATTN STEVEN L. GUTSCHE
01CY ATTN R. BOGUSCH PHYSICAL DYNAMICS, INC.

O1CY ATTN R. HENDRICK P.O. BOX 10367

01CY ATTN RALPH KIL8 OAKLAND, CA 94610
OlCY ATTN DAVE SOWLE ATTN A. THOMSON

01CY ATTN F. FAJEN
01CY ATTN M. SCHEIBE R & D ASSOCIATES
01CY ATTN CONRAD L. LONGMIRE P.O. BOX 9695

OCY ATTN B. WHITE MARINA DEL REY, CA 90291

01CY ATTN R. STAGAT O1CY ATTN FORREST GILMORE
01CY ATTN WILLIAM B. WRIGHT, JR.

MISSION RESEARCH CORP. O1CY ATTN WILLIAM J. KARZAS

1720 RANDOLPH ROAD, S.E. 01CY ATTN H. ORY

ALBUQUERQUE, NEW MEXICO 87106 01CY ATTN C. MACDONALD

01CY R. STELLINGWERF 01CY ATTN R. TURCO

01CY M. ALME 01CY ATTN L. DeRAND
07CY L. WRIGHT 01CY ATTN W. TSAI

MITRE CORPORATION, THE RAND CORPORATION, THE

P.O. BOX 208 1700 MAIN STREET

BEDFORD, MA 01730 SANTA MONICA, CA Q0406

01CY ATTN JOHN MORGANSTERN 01CY ATTN CULLEN CRAIN

01CY ATTN G. HARDING 01CY ATTN ED BEDROZIAN
OICY ATTN C.E. CALLAHAN

RAYTHEON CO.

MITRE CORP 528 BOSTON POST ROAD

WESTGATE RESEARCH PARK SUDBURY, MA 01776

1820 DOLLY MADISON BLVD 01CY ATTN BARBARA ADAMS

MCLEAN, VA 22101
01CY ATTN W. HALL RIVERSIDE RESEARCH INSTITUTE

01CY ATTN W. FOSTER 330 WEST 42nd STREET
NEW YORK, NY 10036

PACIFIC-SIERRA RESEARCH CORP O1CY ATTN VINCE TRAPANI

12340 SANTA MONICA BLVD.

LOS ANGELES, CA 90025
O1CY ATTN E.C. FIELD, JR.
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SCIENCE APPLICATIONS, INC. VISIDYNE
1150 PROSPECT PLAZA SOUTH BEDFORD STREET
LA JOLLA, CA 92037 BURLINGTON, MASS n1803

01CY ATTN LEWIS M. LINSON 01CY ATTN W. REIDY
01CY ATTN DANIEL A. HAMLIN 01CY ATTN J. CARPENTER -

01CY ATTN E. FRIEMAN 01CY ATTN C. HUMPHREY
01CY ATTN E.A. STRAKER
01CY ATTN CURTIS A. SMITH UNIVERSITY OF PITTSBURGH

PITTSBURGH, PA 15213
SCIENCE AFPLICATIONS, INC 01CY ATTN: N. ZABUSKY -
1710 GOODRIDGE DR.
MCLEAN, VA 22102

01CY J. COCKAYNE
01CY E. HYMAN

SRI INTERNATIONAL
333 RAVENSWOOD AVENUE
MENLO PARK, CA 94025

01CY ATTN J. CASPER
01CY ATTN DONALD NEILSON
01CY ATTN ALAN BURNS
01CY ATTN G. SMITH
01CY ATTN R. TSUNODA
O1CY ATTN DAVID A. JOHNSON
01CY ATTN WALTER G. CHESNUT
01CY ATTN CHARLES L. RINO
01CY ATTN WALTER JAYE
OICY ATTN J. VICKREY
01CY ATTN RAY L. LEADABRAND
01CY ATTN G. CARPENTER
01CY ATTN G. PRICE
01CY ATTN R. LIVINGSTON
01CY ATTN V. GONZALES
01CY ATTN D. MCDANIEL

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE
BEDFORD, MA 01730

O1CY ATTN W.P. BOQUIST

TOYON RESEARCH CO.
P.O. Box 6890
SANTA BARBARA, CA 93111

01CY ATTN JOHN ISE, JR.
01CY ATTN JOEL GARBARINO

TRW DEFENSE & SPACE SYS GROUP
ONE SPACE PARK
REDONDO BEACH, CA 90278

01CY ATTN R. K. PLEBUCH
01^Y ATTN S. ALTSCHULER

01CY ATTN D. DEE
01CY ATTN D/ STOCKWELL

SNTF/1575
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